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Structural and Luminescent Properties of Trichromatic CaxMgyAlnSinO;:Ln (Ln=Ce*,
Th*, Eu®") Phosphors and Their Applications in White Light Diodes

YUAN Bo?, QI Chaochao®, KONG Li?, ZHANG Yu!, ZOU Haifeng?
(1. Institute of Petrochemica Engineering, Jilin Institute of Chemical Technology, Jilin 132022, Jilin, Ching;
2. College of Chemistry, Jilin University, Changchun 130012, China)

Abstract: The research of high-efficiency trichromatic phosphors based on vitraviolet/near-ultraviolet (UV/n-UV) excitation is of great
significance for the development of white light-emitting diode (LED) applications. A series of Ce®, Tb* or Eu*" single-doped
CaMg,AlnSihO; (ie., CapMgoosAl15Si1 2507, CarMgosAISi1 507, CapMdo75Al055i1.7507, and CapAl sMgsSisOgg) trichromatic phosphors
were synthesized by a high-temperature solid-phase method. The crystal structure and band gap of samples were investigated by Rietveld
refinement, crystal structure simulation and density functional theory calculation, and the effect of stoichiometry-regulating crystal field
on the luminescent performance was analyzed. High-quality blue, green and red trichromatic phosphors with quantum efficiencies of
28.13, 26.42 and 26.75, fluorescence lifetime of 42.23ns, 2.88 ms and 2.21 ms, as well as a good therma stability were selected to
compare their luminescent performance. Finaly, the prototypes of white LED were fabricated with the trichromatic phosphors for UV
chip, and their performance parameters (i.e., luminous efficiency, correlated color temperature and color rendering index) were tested.
The results show that these phosphors have a promising potential in the application of UV-excited white LEDs.
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Table 1 Crystallographic parameters obtained by rietveld refinement

Compound Crystal system  Space group alA b/A c/A ally VIA® Ry/% Ruw/%

CaMgo25Al1 S 12507:6%Ce™ Tetragonal P42Im 7.7146 7.7146 5.0527 90 300.722 12.74 9.03 3.102
CapMgosAISi 507 6%Ce™ Tetragonal P42Im 7.7630 7.7630 5.0387 90 303.654 1391 10.12 3.792
CaMgo75Al0sS 17507:6%Ce™ Tetragonal P42Im 7.7936 7.7936 5.0174 90 304.768 13.78 9.76 3.562
CaxpMgsAl6Si 3065:8%Ce™ Orthorhombic Pmmnz 27.6152 10.8015 5.1197 90 1527.161 15.26 11.07 4.686

Viscell volume; R, is R-pattern, the graphical variance factor; Ry, is R-weighted pattern, weighted graphical variance factor; +* is goodness-of-fit factor.
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Fig. 7 Excitation spectra and comparative emission spectra of
blue phosphors doped with optimal concentration of
Ce* ionsfor each host




« 790 - (RERR 2h2230)

J Chin Ceram Soc, 2023, 51(3): 783-795

2023 4F

8 5 K CagMgo, sAISi1 507:0.06Th™ i
RS IE R IB R AR T SR OO
i FRORF B R S o P 8 BT AL, 7E 350 nm Uk T
T °Dy—'Fy(J=6. 5. 4 Fl J)IIHEITRE, #ILJ
B EAEWRE TO ™ G (TR 1 R 5 i 32 3
Hi 489, 542, 587. 621 nm 45 4b ff)— % 5 A A At 2H.
Jie, ot 542 nm (1) 4% R AL 1 {81V R R
1 d7 = FHUAT SO0 RS RIS, 3895 T /E 325~
400 nm A2 AMX (ORI, FUHIR T Fe— Lo K
T T S EE BT RS R LU T Y, RS SR
KENA CaMgosAlSi1s07. CaMgozsAl1sSii 207
CaoMgo75Al05511.7507+ CapoM0sAl6SisOgg, 5 & JiE
[R5 24 Ce™ ¥ 5 Bt LU X 45 B i 2= ), | LA
BREEHIR T8 2% TOX IR esemiE /. B3 AL
FHHERAA, M B E ARSI, Ca
AL KN R — A, CaMgosAlSiisOr
BB FAR GBI A TE* 5255 B TR AR IR i
NETE(TEY N 3B E TH R RN, kst
AR AR RR AL, YRR Jdsok, B R 6w fx
58, HI I CapMgo25Al15S112507 | CapMgosAISi 507,
KRB R, AR BWIEK. AT T Th* 15
A%, aniRgE R R E S, el sst
BHOHAS, AT RARERRAS, AL B T B
FRI LR TEN

—— Ca,Mg, AlSi, 0,:0.06Th*
Ca;Mg, Al Si, 0,:0.03Th
| CaMg, 1Al Si; 205:0.03Th ’\
|| = CaygMg;ALSHO,,0.03Th ‘

| 350 nm

] f
h a1 | ‘
J L \ |

| 300320 340 360 380 400
Wavelength/nm |
' ghiom )

| Am=542 mn/ ||”1 "ll I| "|I

Intensity

Intensity

[

1

| 4,=350 nm

I
Viacod = [\ A

\-"\:_""T_":j'/.--..r-f‘h\{-..:."—'f,--_\‘“" T A

NS N IENS (RN ST SIS (N TN S T M T
250 300 350 400 450 500 550 600 650 700
Wavelength/nm

K8 BikRBAEAEIRIE To* SRR S R e i
AT ORI e i
Fig. 8 Excitation spectra and comparative emission spectra of
green phosphors doped with optimal concentration of
Tb* ions for each host

9 NRIH CaMgozsAlrsSi12507:0.07EU%
()R G AN TR B 2 R IR BV A 5
FRE b XS LE R S 6 . B 9 WL, JE st A
55 (616 nm) il RO 1 B 45— 25 1 Y 391 nm

MBIk A T "Fo—"Le BRIT) LK A 220 # 315 nm
(5 Uy, FEEH EuS O FIEL i B i 5 8 T
ko 7E 500~700Nnm Y FEl N, 391 nm U 1 & i
WEAE 577, 587. 616 Al 654 nm b T H JLAS RS
(616 nm Fim), W T BB ) Do Fo Faa
TFo F TP T e A o Y RS % 3R 5 £ % 5
SR PEZE AR, FEl CapMQo2sAl15Si12507 K 5T iR
BB Mg oK T HAh I T, 2 5 1 5E AR e R
M, XML AR BV ES TR AR KM (N
F CE AT TO B T2£42), R IR L1t
BHRAS, Mg® HIBU B AT N, &35 5T B
B NES BB TR UL RE R 2
BN K B0 5 58 5 R S 5 B AT W R AR A
CapoMg3Al 26Si30gg 1) & HT 58 FE I A 5 HABA R F
W25, ATREJE DR %R i B 4 Fh Cat AL
BT, BERRECAL FH B A% A0 R — ROk K1
SRR AR, Ce¥ Al To B2 ERUN, Bud
SRTBRE B8 T AR BB RO,
PR B FAS AL — B E A I G, R R B
WA RS, dEd st BRI, e &
H BU B AR A (K

—— Ca,Mg, Al 5i, 5:0,:0.07E0?

CayMgiAly5i,04,:0.11Eu? P
| Ca Mg, Al (Si; 7:0,:0.05Eu™ |

/ '\ === Ca,Mg, ;AlSi, 05:0.09E0 !
I

|
|

\ h;wlmﬁ’%
| ﬂh{

||I An=616 nm
\ | A |
MM e

i

A/
PR (T SN N TR NN AN T SO (NS U S U NN T N S
250 300 350 400 4350 500 350 600 6350 690

Wavelength/nm

K9 Bk RBAEAEIRE EC B TL TR A
FETE AR G
Fig. 9 Excitation spectra and comparative emission spectra of
red phosphors doped with optima concentration of
Eu** ions for each host

K 10 4 Ce*ITO> /EU* 5 44 & JE iR = (050 68
BEREOZERZE . B1E 10 T, L Ce B4Rt A
3347 Ui BH (&1 10a), 73w it 26 43 sl s i 353,350,
348 nm A1 345 nm A1 411 nm SRR . RIEH
P ZEIRAT N 5 AR o R AR BT A1,

[(t)=1(0) + Aexp(~t/ 7) (3)
A IO AWIAE KGR E s 1(t) R HE i B[R] (1 &

Intensity




%5 51 &5 3 LS

CaMg,Al,SiO:Ln(Ln=Ce*, Tb*", Eu®) = sk M4 iR . ZORE. ...

- 791 -

SR, © ARG ORI G G, E—5E
it B, CaMgo2sAl15Si12507+ CaMgosAlSiisO7-
CagMgo75Al05Si17507 A1 CappAlsMgsSisOgs 1 Ce™*
W6 F5 A 4y N 42.23.41.56.40.60 ns £ 33.81 ns,
SRR, 5 A SR R L A —F . Th
M EC B4 R Ui R AL, SR 2
5 ROTREA, SO H R N TO B 2%
. 2.88. 317, 238ms 1 2.19ms; EUB%
B 221, 1.96. 1.93ms fl 2.10ms, HEERY L
RS e e P F LA — B

AR (QE) AW HEMRHE SR B Hh it et
YIBE SR, @RS AR R kAT T,

_EMA)-A-A)-E) @)

L(4)-A

K BN EEHE N A Kt Eod) N
I3 BRI B IR s Le(A) R 43 BR
(TCFE ) SRAF AR 2 Wih i i s A SR 0el i % . Ronda

Ca,Mg, ;AlSi, (05:0.06Ce’
o— Ca,Mg, 1Al (S, 1:0,:0.06Ce*
b —— Ca;Mg, 1Al :Si, 140,:0.06Ce*
\ —b— CayMg,Aly,5i,0,,:0.08Ce*

4,=353 nm
A=411 nm

Intensity
T
» r=
o
/s/

Al S IOR 25 BIEAS I BR AT 5 6L 2 4
SRR A AESRR S BT, A BRIEIH 2 (K) 1T LA S A

k=k, +k, (5)
X ke ARSI R R ke NARGE SRR
g . RS R A B I R, RIEE
SIS ) (r, 25T 1K) G5 O T AEAR S BRIT
(I RE IR 8] (z0),  WUIHIEARIY QE W] LLR IR H:

QE=7/7, (6)
Ha(6) T LR H, QE {H AN %5 FEAR I F]—
(. CapMgo25Al15Si12507:0.06Ce™ . CapMgo5AISi 1507
0.06Th* #l CapMgo25Al15Si12507:0.07EU" 5% 36 4 (1
QE {8 4 M 2115~ 28.13. 26.42 Al 26.75, 4
BONBFEREE . 4h. ROk QE KN,
HFEAEAEEE, SHEMEMSN, F& Lk
. MW QE MHEREZ, WwkkrHl& TZM
W25y RERA B IR KN . TSR AR A &
(NI

+— Ca,Mg, AlSI, ;0:0.06TH

i —i— Ca,Mg, »sAl S, 20,:0.03Th
LI. ~— Ca,Mg, Al ;Si, -,04:0.03Tb
—=— Ca,Mg;Al,S1,0,,:0.03TH

Intensity
-
- o

‘},‘.1\ % 4.=350 nm
1 - 3 4y
WA Ap=5342 nm
’a Wy
o - T
L -

e Y
T 2
et O

S w,
i et AR,
; B £ L reeeiaaaiassaassasaan
100 150 200 250 0 5 10 15 20
Decay times/ns Decay times/ns
(a) Samples doped with Ce®* (b) Samples doped with Tb*"
H} Ca,Mg, (AlSi, (0,:0.09Eu*
i —— Ca.Mg,..Al, 5i, ..0,:0.07Eu™
1) —=— Ca,Mg, ;.Al, ;Si, -,0,:0.05E0
\ —=— CayMg,AlLSi;0.,:0.11EW’

Intensity

Decay times/ns

(c) Samples doped with Eu**

10
Fig. 10

FER B AR T Ce¥ T IEU® B 175 8- 5L 5 v (1 5 6 3 i it 28
Fluorescence decay curves of Ce*/Tbh**/Eu®" ionsin each matrix at optimal doping concentration



s 792 - CRERR #h 740D J Chin Ceram Soc, 2023, 51(3): 783-795 2023 4

23 =B AALRERY

B 10 N ERE e K BOR R, Bhidk i = 5%
FeRTE 298 & 493 K i [l 3 A [F)3EL B 1 R 3 ok
W, & 11a 7 W, CapMgo25Al:5Si12507:0.06Ce>
R e NN N R D R ot |
2k, BARARSTEEMEEE T RA THRES, HE%

Ca,Mg, ,;Al, S, ,:0,:0.06Ce™ 3;3 3

0.8
0.7
0.6

1N,

nm 05

— 298 KOZLI

— 3BKosl

- 353K 350 400 450 50

AT3K Temperature/K
393K

— 413K

— 432K
453 K

473 K

W\t — 493K

L
\\ 4.=353
4

Intensity

500 550 600 650
Wavelength/nm

400 450
(a) PL spectra of sample at different temperatures

Ca,Mg, ;AIS, 50?:0_06‘1“h-“"
[ 09t

T O350 400 450 500
Temperature/K

Intensity

400 450 500 550 600 650 700
Wavelength/nm

(c) PL spectraof sample at different temperatures

Ca,Mg, ,sAl, S0, 50?:0.0?Elf' 10f
09 "‘-.,_
Eo.s e
— 298K fFo7 )
333K | 04
. 353K
g 33K e |
£ — 393K
= 413K F
433K f[ 4=391 nm |
453K | |
473K |
493 K A ﬁ
\d |
.*fl L : ’;,J \
e e f A 1

450 500 550 600 650 700 750
Wavelength/nm

(e) PL spectraof sample at different temperatures

RN . B IR 298K FH i 2l 493K, K
SO PE T L) 50%. FF i 1) #GE K AL BE (AE) Ky
fH Arrhenius 77 R AT A, DA HE— 200 50 #4
/FF_ DZ Ji ﬂ;% [29-30] .

| AE .4
—=[1+C exp(-——=)] ()
Iy kT
0.5
= Experimental data
. — Fitted line
0.0F [
-
; _\!\
-05+ = E=0.170eV
I \"!\\
:_3 _1.0 i
= M
L S
-15F . §
[ .
_20 =

22 24 26 28 30 32 34 36
kT
(b) Dependence of (I¢/1-1) versus /KT

0.0
s Experimental data
i Fitted line
05
“10k £=0.196 eV
0 ~15
3 -l
=
=20+
=25+ a
-3.0 L I L L I L
22 24 26 28 30 32 34 36
1/kT
(d) Dependence of (I¢/1-1) versus /KT
0.0
®  Experimental data
—05F " Fitted line
-1.0F
_ -15} E=0282 ¢V
3 20t
= 25t
30k
35+
_4_0 1 1 1 1 I 1 n 1 n
22 24 26 28 30 32 34 36

VKT
(f) Dependence of (lo/I-1) versus kT

Kl 11 CaMggasAl;5Sii2507:0.06Ce™ . CapMgosAlSiys07:0.06Th* I CapMgyg 5Al 1 5Si1 2507:0.07EU BE S 7E AN [RIELRE T Y & 5%

RN In(l/1I=)XF VKT < & ih 2k

Fig. 11 Emission spectra of CaMggosAl15Si12507:0.06Ce™,

CaM(osAISi1507:0.06Th* and CapMgg25Al15Si1 2507:0.07EU*

samples at different temperatures and the linear fitting of In(lo/1-1) versus /KT



3 51 &5 3

O % CcaMgAl,Si O Ln(Ln=Ce*, Tb™, Eu*") =yt & iR, Ztm. ... . 793 -

K o NV | ATEHE NS e R T
RIS EREE s ¢ NH L k 2 Boltzmann 4L
POFALRE AT L K 100 F In(lo/1-1)5 UKT fhk
LR PERLA SR, WA LMARI R N-017, K
CapMgo.25Al1.55i12507:0.06Ce> 15 6 7 W B 9 AE
N 017 eV, RILH R ULFIE 6 HRAE M.
CapM(osAlSi1s07:0.06Th* F1 CapMgo25Al155i1 2507
0.07EU* 5 et it 1 FE R L, W56 M 298K Tt
I E 493 K, RITSERE S I T FEL 45%F 40%, B
RARBERU/N, AE Y704 0.196eV F1 0.282eV, &
DL R AT R AR e
24 Z=BREMH LED 4N A

12 IETF RS 1) CaMdozsAl15Si12507:
0.06Ce* . CaMgosAISi1507:0.06Th* Fl CaMgo s
Al15Si12507:0.07EU™ = a5k ) CIE Al bR % 4%
FERTELAMDERE R sci s . i 12 a7, W]
W 3] % 5 €005 AL AR 3 A T L L A
RCFNLG X, HARAMGEUR N S koesite s
HH S B £ AR AR E X A — 80 DRIUE, 2008 24 LB &
WG =Tk CaMgo2sAlsSip2507:0.06C>
CapMgosAISi1 507:0.06Th* il CapMgo 25Al15Si1 250+
0.07EU* T] P24 A BT, DA &R R S A
Al %t % LED 2844

05 06 07 08

X

CaMgo25Al15Si12507:0.06C€™, CapMgosAlSi; 507
0.06TH* #1 CapMgg5Al1 sSi1 s07:0.07EU% 1 1, %
ML BT CIE A 4R RNk
TSR A

Fig. 12 CIE chromaticity coordinates and photographs of
CapMgo25Al15Si12507:0.06C™, CaMgosAlSi;07:
0.06Tb* and CapMgy5Al15Si12507:0.07ELW* blue,
green and red phosphors

1.0

Intensity

400 500 600 700
Wavelength/nm

(8 LED(3)

Intensity

400 500 600 700
Wavelength/nm

(b) LED(b)

Intensity

al

400 7500 600 700
Wavelength/nm

(c) LED(c)

Insets show the photographs of the fabricated white LED device operated

under aforward-bias current of 25mA.
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#*2 [E13+% LED HHHSH
Table 2 Parameters of each LED device in Figure 13

LED prototypes Ratio of bluerred:green in mass Luminous efficiency/(Im-W™) Chromaticity coordinates CCT/K CRI
LED(a) 1:2:2 12.30 White (0.3242,0.358 2) 5854 70.0
LED(b) 1:4:4 15.60 White (0.3398,0.384.0) 5240 75.0
LED(c) 1:1:4 18.60 White (0.3287,0.366 8) 5618 745

CCT iscorrelated color temperature; CRI is Color Rendering Index.
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